The present study was undertaken to investigate the effect of cyclodextrin (CD) complexation in presence of hydrophilic polymer on physicochemical properties as well as anti-inflammatory activity of quercetin (QUN). The initial phase solubility studies were carried out in presence and absence of hydrophilic polymers (hydroxypropylmethylcellulose, polyvinylpyrrolidone K30 and poloxamer 188) to study their effect on the stability and complexation efficiency of CDs. The binary (QUN-βCD and QUN-HPβCD) and multicomponent (QUN-βCD-POLO and QUN-HPβCD-POLO) inclusion complexes of QUN prepared using lyophilization technique. The complexes were subjected to DSC, ATR-FTIR, XRPD and SEM analysis, and evaluated for drug content and saturation solubility. The phase solubility studies revealed the formation of QUN-βCD and QUN-HPβCD complexes with 1:1 stoichiometry. The incorporation of POLO increased the stability as well as complexation efficiency of CDs. FTIR and DSC analysis indicated hydrogen bonding interaction POLO with QUN and CDs. XRD and SEM analysis revealed greater amorphization in case of multicomponent inclusion complexes. All complexes showed uniform drug content. QUN-HPβCD-POLO exhibited maximum solubility than the physical mixtures and other complexes. The pure QUN and QUN-HPβCD-POLO were tested for in vivo anti-inflammatory activity by Carrageenan induced rat paw edema method. QUN-HPβCD-POLO exhibited significant increase in anti-inflammatory activity as compared to pure QUN.
frequently, by some lipophilic structure of the molecule. The natural cyclodextrins, in particular β-cyclodextrin (βCD), have limited aqueous solubility and their complex formation with lipophilic compounds frequently results in precipitation of solid cyclodextrin complexes [10] . The application of βCD in the pharmaceutical formulations is limited owing to its low aqueous solubility [5] .
2-hydroxypropyl-β-cyclodextrin (HPβCD); a hydroxyalkyl β-bcyclodextrin derivative has been successfully employed in pharmaceutical formulations due to its amorphous nature and enhanced water solubility than βCD [11] . However, the amount of HPβCD to be used in the pharmaceutical formulations is limited due to its toxicity [12] . The problems associated with βCD and HPβCD can be overcome by addition of small amounts of auxiliary substances such as hydrophilic polymers [13] , hydroxyl acids [14] and/or amino acids [8] to the complexation media. This results in the formation of multicomponent inclusion complexes of CDs, where the auxiliary substances improve the complexation efficiency of CDs [11] .
There are some reports where inclusion complexes of QUN with βCD and HPβCD have been prepared to enhance its solubility using freeze drying [5] and spray drying techniques [1] . Besides, the effect of complexation of QUN with three kinds of CDs in solution state on the antioxidant activity of QUN has been studied by Jullian and coworkers [3] . The complexes of QUN with βCD, HPβCD and sulfobutyl-βCD in solution state were studied in order to investigate the effect of complexation on chemical stability and water solubility of QUN [2] . To our knowledge, no reports related to the effect of multicomponent inclusion complexes of QUN with CDs and hydrophilic polymers on its solubility and anti-inflammatory activity are available.
The aim of this study was to prepare freeze dried multicomponent (ternary) inclusion complexes of QUN with βCD and HPβCD in presence of a suitable hydrophilic polymer in order to minimize the amount of CDs, increase the stability of the formed inclusion complexes and enhance the solubility of QUN so as to maximize its anti-inflammatory activity. Phase solubility studies were performed to study the stoichiometry between QUN and CDs, and to select the hydrophilic polymer that increases the stability of the formed complexes and improves the complexation efficiency of CDs. The prepared complexes were characterized by attenuated total reflectance-fourier transform infrared spectroscopy (ATR-FTIR), differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and X-ray powder diffractometry (XRPD). The complexes were evaluated for saturation solubility and drug content. The in vivo anti-inflammatory activity of the complex exhibiting high solubility was evaluated using Carrageenan induced rat paw edema method.
RESULTS AND DISCUSSION

Phase solubility studies and interaction of QUN with CDs
The phase solubility diagram of QUN in aqueous solutions of βCD and HPβCD in the presence or absence of hydrophilic polymers (HPMC, PVP and POLO) are shown in Figure 2 (a and b) . These diagrams exhibited a linear relationship between the amount of solubilized QUN and concentration of solution of CDs (AL-type of curves) which signifies formation of water soluble complexes [15] . Table 1 shows the values of slope, stability constant (Kc) and complexation efficiency of the systems considered under phase solubility studies. The slope of phase solubility curves for all the systems was found to be less than one indicating 1:1 stoichiometry between QUN and CDs [16] . The presence of hydrophilic polymer caused increase in the stability of the formed complexes along with enhancement in the complexation efficiency of the CDs. This can be attributed to the molecular interactions in between QUN, CDs and hydrophilic polymers such as hydrogen bonding, formation of hydrophobic bonds and van der Waals interaction [17] [18] [19] . [20] . The system comprised of QUN, HPβCD and POLO showed maximum stability, high complexation efficiency and lowest value of Gtr•. This may be due to high solubility of HPβCD than βCD and ability of POLO to enhance the solubilizing efficiency of HPβCD by interacting with the functional groups present on the exterior of the HPβCD and QUN [21] . Due to its amphiphilic nature, POLO can also improve the solubility of the free uncomplexed drug [22] . As POLO was found to be more efficient ternary component amongst the selected polymers, it was used for the preparation of the freeze dried multicomponent inclusion complexes of QUN. 
Characterization of the inclusion complexes
DSC analysis
DSC can be used to investigate the interaction between host and guest molecules. When guest molecules are included in CD cavity, their melting points usually shift to a different temperature or disappear [17] . DSC patterns of QUN and all complexes are shown in Figure 3 . The thermogram of QUN showed a characteristic endothermic peak at 319.10 0 C close to its melting point 316.0 indicating presence of crystalline phase. The broad endothermic peak at 126.59 o C ( Tonset = 99.94 0 C) represents removal of water of crystallization as QUN is a dihydrate molecule [23] . The DSC thermogram of βCD displayed a broad endotherm at 99.95 o C, indicating a loss of water due to dehydration process. A melting endotherm was observed at 335.32 o C. The thermal curve of pure HPβCD is characterized by a broad endothermic peak at 75.48 o C, indicating a loss of water due to dehydration process [24] . It showed melting endotherm at 366.62°C corresponding to its melting point. The DSC thermogram of POLO showed a sharp endothermic peak at 60.28°C indicating its crystalline nature. In the thermogram of QUN-βCD binary complex, the melting endotherm of QUN was found to be diffused at 307.19°C, while the thermogram of QUN-HPβCD binary complex showed a small diffused endothermic peak at 322.78°C. In case of QUN-βCD-POLO ternary complex, the characteristic endothermic peak of QUN was diffused and shifted to 299.52°C indicating formation of inclusion complex [25] . The thermogram of QUN-HPβCD-POLO ternary complex showed absence of the endothermic peak indicating strong physical interaction between drug and HPβCD in presence of POLO [26] .
ATR-FTIR analysis
The probable interaction between QUN and CDs in presence and absence of POLO was studied by ATR-FTIR. The IR spectra recorded for QUN, βCD, HPβCD, POLO and all complexes are shown in Figure 4 . Alterations in the characteristic bands of QUN and CDs were noted in case of binary and ternary complexes. The peaks in formulations were observed to be either shifted to different wavelengths or smoothened or appeared with decreased intensity. The absence of new peaks indicated non covalent interaction in inclusion complexes. In case of QUN-βCD complex, the peaks of QUN at 3259.70 cm -1 , 2841.66 cm -1 and 1603.14 cm -1 , were shifted to 3240.24 cm -1 , 2918.64 cm -1 and 1599.90 cm -1 respectively while other peaks had also shifted and appeared with reduced intensity or disappeared. Broad peak of βCD at 3276.49 cm -1 disappeared, while peak at 1023.99 cm -1 was shifted to 1018.07 cm -1 .
In spectrum of QUN-HPβCD complex, the principle peaks of QUN at 3259.7 cm −1 and 2841.66 cm −1 shifted to 3299.47 cm -1 and 2922.95 cm -1 while other peaks were either shifted or appeared with decreased intensity. The prominent peak of HPβCD at 1026.41 cm -1 was shifted to 1004.11 cm -1 . The disappearance of major peaks of QUN in the spectra of binary complexes clearly indicates the formation of inclusion complex. -1 were observed All other peaks had either shifted, disappeared or appeared with less intensity. All these changes confirm the strong physical interaction between QUN and both βCD and HPβCD in the presence of POLO.
XRPD analysis
The XRPD patterns of QUN and all complexes are presented in Figure 5 . The diffractogram of QUN exhibited prominent peaks at 12.5, 27.3 and 27.4 (2θ) with peak intensities 784, 969 and 1135 respectively indicating crystalline nature of drug. The peak intensities for βCD at 12.7, 18.9, 20.9 and 27.2 (2θ) recorded were 1751, 2025, 1577, and 1459 respectively. A typical halo-pattern was recorded for HPβCD, which showed peak at 18.3(2θ) with peak intensity 1786 indicating its amorphous nature. All the prepared inclusion complexes of QUN exhibited characteristic halo pattern and significant reduction in peak intensities, as compared to pure QUN, confirming reduction in the crystallinity of QUN. The intensity of characteristic peak of QUN at 27.4 (2θ) was reduced to 382 and 323 in case of QUN-βCD and QUN-HPβCD respectively. For QUN-βCD-POLO and QUN-HPβCD-POLO ternary complexes, the intensity of the same peak was reduced to 313 and 272 respectively. This indicates that QUN-HPβCD-POLO ternary complex exhibited greater amorphization of QUN. The presence of fine peaks in the spectra of complexes may be due to presence of free uncomplexed QUN to some extent in the complex samples.
SEM analysis
SEM was used to study the surface morphology of pure drug and complexes ( Figure 6 ). The micrographs of pure drug exhibited presence of long cylindrical/needle shaped crystals. The images of freeze dried inclusion complexes showed a significant change in the morphology of the particles. Both change in shape (needle to flaky) and reduction in particle size were observed which indicates an interaction in between QUN and CDs in presence or absence of POLO, resulting into amorphization of QUN. According to the previous reports, a change in the shape of the crystals and aspects of drug indicates its complexation with CD [28, 29] . Table 3 presents the drug content (%) and saturation solubility of the physical mixtures and the prepared complexes. The drug content was found to be uniform in all the physical mixtures and complexes ranging within 95.37 to 98.86%. The QUN-βCD and QUN-HPβCD binary complexes increased the solubility of QUN by 3.4 and 9.6 folds respectively. On the other hand, QUN-βCD-POLO and QUN-HPβCD-POLO ternary complexes increase the solubility of QUN by 10.7 and 34.1 folds respectively. The physical mixtures showed slight enhancement in the solubility of QUN; however it was significantly less (p<0.05) as compared to the complexes containing similar components. The dramatic improvement in the solubility of QUN in case of QUN-HPβCD-POLO ternary complexes can be ascribed to the formation of stable inclusion complex, and reduction in the crystallinity of drug. Besides, micellization of poloxamer chains may also contribute to some extent in enhancing the solubility of QUN.
Figure 6. SEM photomicrographs of QUN (A), QUN-βCD (B) and QUN-HPβCD (C) binary complexes, QUN-βCD-POLO (D) and QUN-HPβCD-POLO (E) ternary complexes.
Percentage drug content and saturation solubility studies
Anti-inflammatory activity
The results for anti-inflammatory activity with respect to change in paw volume and % inhibition of paw inflammation (Mean ± Std. Error) by using Carrageenan-induced rat paw edema method are shown in Figure 7 . The positive control i.e. indomethacin decreased the paw volume by 28.07% after two hours. The percent inhibition of paw volume in case of QUN-HPβCD-POLO ternary complex is 44.60% which is more as compared to pure QUN (27.55%), indicating increased anti-inflammatory activity. The increased antiinflammatory activity confirmed the increase in bioavailability of QUN due to formation of stable inclusion complex between QUN and CDs in presence of POLO and improvement in its solubility.
Figure 7.
Anti-inflammatory activities of QUN and QUN-HPβCD-POLO ternary complex by Carrageenaninduced rat paw edema method: A-Effect on paw volume (ml); B-Inhibition of inflammation (%). * indicates significant difference of paw volume with respect to control (*-p<0.05; **-p<0.01; ***-p<0.001) and # indicates significant difference of paw volume with respect to QUN treated group (#-p<0.05).
CONCLUSION
The stability and complexation efficiency of βCD and HPβCD was markedly improved by POLO than the other hydrophilic polymers. QUN-βCD-POLO and QUN-HPβCD-POLO ternary complexes were successfully prepared using the lyophilization method. DSC and ATR-FTIR analysis helped to confirm the formation of inclusion complex whereas XRPD and SEM analysis revealed amorphous nature of the complexes. QUN-HPβCD-POLO complex showed high solubility than the other binary and ternary complexes. An increase in the in vivo anti-inflammatory activity of the QUN-HPβCD-POLO ternary complex clearly indicates enhancement in the bioavailability of QUN.
MATERIALS AND METHODS
Materials
QUN, βCD and polyvinylpyrrolidone K30 (PVP) were purchased from Himedia Laboratories Pvt. Ltd., Mumbai, India. HPβCD (DS: 4.69) was obtained as a gift sample from Gangwal Chemicals, Mumbai, India. Hydroxypropylmethylcellulose E15LV (HPMC) was purchased from Loba Chemie, Mumbai, India and Poloxamer 188 (POLO) was obtained from Signet Chemicals, Mumbai, India. The analytical grade reagents and glass distilled water were used (for the experimental procedures) throughout the experimental procedures.
Phase solubility studies
The phase solubility studies were performed in distilled water at room temperature (25 ± 2 o C) according to the method reported by Higuchi and Connors [16] . The excess quantity of QUN was added to 20 mL of βCD and HPβCD solutions (0 to 0.01 M) in the presence and absence of auxiliary substances (0.5%w/v of HPMC, PVP and POLO). The concentration of polymers was decided on the basis of the preliminary studies. The solubility of QUN in presence of fixed amount of CDs (10mM) and increasing polymer concentration (0.25, 0.5, 0.75, 1, 1.5 and 2%w/v) was determined. The polymer concentration at which maximum QUN was solubilized was selected (i.e. 0.5%w/v). The resultant suspensions were shaken for 72 h at 150 rpm using rotary shaker (Lab HOSP, India) to attain equilibrium. Thereafter, suspensions were filtered using Whatman filter paper No. 41, appropriately diluted if necessary and analyzed to determine concentration of QUN using UV-spectrophotometer (Shimadzu 1800, Japan) at 371 nm. The stoichiometry between QUN and CDs was established from the phase solubility curves obtained by plotting the concentration of dissolved QUN (moles/liter) against the respective concentration of CDs (moles/liter). The stability constants (KS) of the binary and ternary complexes were calculated using the equation [30] .
Where, S0 is the solubility of QUN in distilled water.
The complexation efficiency (C.E.) of CDs was determined by the following equation [30] .
Gibbs free energy change (∆ ) in Joules/mole was also calculated to assess the thermodynamics of the solution and complexation process, using the equation
Where, Sc is molar solubility of QUN in aqueous solution of HPβCD or βCD in the presence or absence of hydrophilic polymer, S0 is molar solubility of QUN in distilled water, R is gas constant and T is temperature in Kelvin.
Preparation of freeze dried solid inclusion complexes
The method reported by Tayade et al [5] was used for preparation of binary and ternary complexes. The equimolar weighed quantities of QUN and CDs, were dissolved in distilled water (70 mL). To this aqueous solution, 25% ammonia (1.5 mL) was added to dissolve QUN. The resultant solutions were stirred using a magnetic stirrer (2MLH, Remi laboratory Instruments, Mumbai), for 2 h at a room temperature (25 ± 2 o C) and were frozen in deep freezer (ELCOLD) at -80 o C for 24 hours. The frozen solutions were lyophilized (DELVACmimiLyodel) and stored in desiccators till further use.
In case of ternary complexes, same procedure was followed by addition of POLO (0.5 %w/w) in the complexation media. The physical mixtures of binary and ternary systems of QUN, CDs and POLO were prepared in order to compare their solubility with the complexes.
Characterization of complexes
Differential scanning calorimetry (DSC)
DSC analyzer (TA instuments Q600 SDT USA) was used to perform DSC analysis of QUN, βCD, HPβCD, POLO and all complexes. A sample (5 mg) was sealed in an aluminum pan and subjected to heating at a rate of 10 o C /min from 30-400 o C under nitrogen atmosphere.
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy(ATR-FTIR)
Attenuated total reflectance (ATR)-Fourier transform infrared spectroscopy (FTIR) (BRUKER-ECO-ATR-ALPHA, Germany) was used for recording infrared spectra of QUN, βCD, HPβCD, POLO and prepared complexes. ATR-FTIR helps in direct analysis of the solid or liquid samples and does not require any complex sample preparation procedure. The samples were directly placed on ATR crystal and analyzed from 600 to 4000 cm -1 spectral range with 24 scans.
X-ray powder diffractometry (XRPD)
The XRPD analysis of all samples were performed by using X-ray diffractometer (PW 1723, PHILIPS, Netherland) with tube anode Cu over the interval 05-60• (2θ). Generator tension (voltage) 40 kV, Generator current 30 mA, and scanning speed 2•/min. were maintained during the operation.
Scanning electron microscopy (SEM)
Scanning electron microscope (SEM-JOEL Instruments, JSM-6360A, Japan) was used for studying surface morphology of QUN and all complexes. Samples were directly mounted on the aluminum stub and coated with a thin gold-ion layer using sputter coated unit an acceleration voltage of 5 kV was applied and the micrographs were examined at ×300, ×1000 and ×3000 magnifications.
Determination of drug content
The content of QUN in the physical mixtures and complexes was determined by adding the physical mixtures/complexes equivalent to 5 mg of QUN in 50 ml of methanol. The resultant mixtures were stirred on the magnetic stirrer for 3h. The solutions were filtered through Whatman filter paper No. 41, suitably diluted and analyzed spectrophotometrtically at 371 nm.
Saturation solubility studies
The saturation solubility of the pure QUN, physical mixtures and the complexes was determined using the method described by Higuchi and Connors [16] . Excess quantity of pure QUN and, prepared physical mixtures and complexes were added to the conical flasks each containing 10 ml of distilled water and sealed. The mixtures were shaken using rotary flask shaker for 72 h at room temperature to attain equilibrium. Appropriate fractions were withdrawn and filtered through Whatman filter paper No. 41 and analyzed spectrophotometrically at 371 nm.
Anti-inflammatory activity
The anti-inflammatory activity of optimized complex of QUN was evaluated in vivo as per the approval from Institutional Animal Ethics Committee (IAEC) of College of Pharmacy, Bhor, Maharashtra, India (Approval No. RDCOP/IAEC/Approval/2016-17/03 dated 08/08/2016). Carrageenan-induced rat paw edema method was used as reported previously [31, 32] .
Experimental design
The Wistar albino rats, 150-180 g of either sex were randomly divided into four groups of six rats in each. To produce acute inflammation, 0.1 ml of 1% freshly prepared carrageenan solution in normal saline was injected in right hind paw of rats by sub-plantar route. Control group rats were treated with normal saline, reference standard group with indomethacin (10mg/Kg body weight per oral), third group with pure QUN 10 mg/ Kg body weight per oral and the test group with QUN-HPβCD-POLO ternary complex; quantity equivalent to 10 mg of QUN/Kg body weight per oral respectively one hour prior to carrageenan injection. The paw volume was measured using plethysmometer at an interval of 1, 2, 3, 4 and 5 hrs after carrageenan injection and increase in mean paw volume in ml (Mean ± Standard Error) and % inhibition of paw inflammation was calculated.
Group
The percentage inhibition of paw inflammation was calculated using the formula:
% inhibition of inflammation = ( -) × 100 (Eq. 4)
Statistical analysis
All values were shown as Mean ± Standard Error Mean (S.E.M.). Statistical analysis was performed using one-way analysis of variance (ANOVA). P<0.05 was considered statistically significant.
